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Abstract: Forming complex geometries using the casting process is a big challenge for bulk metallic
glasses (BMGs), because of a lack of time of the window for shaping under the required high cooling
rate. In this work, we open an approach named the “entire process vacuum high pressure die casting”
(EPV-HPDC), which delivers the ability to fill die with molten metal in milliseconds, and create
solidification under high pressure. Based on this process, various Zr-based BMGs were prepared
by using industrial grade raw material. The results indicate that the EPV-HPDC process is feasible
to produce a glassy structure for most Zr-based BMGs, with a size of 3 mm × 10 mm and with a
high strength. In addition, it has been found that EPV-HPDC process allows complex industrial BMG
parts, some of which are hard to be formed by any other metal processes, to be net shaped precisely.
The BMG components prepared by the EVP-HPDC process possess the advantages of dimensional
accuracy, efficiency, and cost compared with the ones formed by other methods. The EVP-HPDC
process paves the way for the large-scale application of BMGs.
Keywords: bulk metallic glass; industrialized application; high pressure die casting
1. Introduction
Bulk metallic glass (BMG) is always regarded as one of the most promising materials because
of its ultrahigh strength, large elasticity, and excellent corrosion resistance, and thus can be applied
in wide range of fields [1,2]. However, a long-standing problem for this type of material is that it is
difficult to mold into complex shapes using the casting method. To overcome this bottleneck, several
alternative approaches, such as thermoplastic forming (TPF) [3,4] and additive manufacturing (AM)
process [5], were developed. Through these approaches, the BMG parts with complex geometric shapes
have been produced successfully [3–5]. However, some inherent problems, including crystallization,
cracking, relatively low efficiency (in AM process) [5,6], extremely narrow time window for shaping,
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and difficulty in forming a hollow structure (in the TPF process) [7], were not well solved, impeding
the application of these methods in the mass production of BMGs. In order to achieve the industrial
production of BMG parts, some other methods, including low pressure die casting [8] and squeeze
casting [9], have also been reported in the past decade. However, up until now, only low fusion
point Mg-based [8] and Ca-based [10] BMG parts with simple geometries like rods or plates have
been fabricated successfully by these approaches. Currently, the main technology available for the
large-scale forming of BMG parts with a complex shape is the injection molding process developed by
Liquidmetal Technologies, Inc. [11]. In this approach, the mother alloy is melted by induction heating
in a horizontal cold-crucible, and then molten metal is confined to a specific area by a magnetic field.
When the metal is completely melted, the molten metal is injected into the mold using a plunger rod,
forming a BMG part. However, there is an Achilles heel in this approach, that is, the non-uniformity
of the temperature field during heating, mainly caused by the horizontal layout of the cold-crucible.
The non-uniformity of the heating would result in the sometimes-incomplete melting of the master
alloy, thereby weakening the glass forming ability [12] and inducing the instability of the product
quality [13,14]. Besides, as a commercialized technology, the injection molding of a BMG route is very
confidential, and few results have been reported in an academic paper, which is disadvantageous to
the prosperity of the related disciplines. Therefore, exploring a new but more general approach to
achieve the large-scale production of BMG parts becomes increasingly urgent and necessary.
High pressure die casting (HPDC) is a metal forming process that is widely used in real industry
for forming aluminum, magnesium, zinc, and copper alloy components [15]. It possesses several
advantages, such as a high cooling rate, high productivity, and the ability to form near net shapes.
Therefore, the HPDC process is also considered as the one of the methods with the most potential to be
applied to the large-scale production of BMG components with sophisticated geometries. Recently,
low oxygen affinity Fe-based bulk metallic glass with a key-shape was produced successfully using a
traditional HPDC method in an open atmosphere [16]. However, most glass formers are extremely
oxidizable, and thus are difficult to be synthesized directly by this route. In order to form highly
oxygen-sensitive BMGs, Inoue et al. proposed a vertical vacuum HPDC solution, as shown in the
literature [17,18]. In this approach, the melting of mother alloy was conducted in a sealed sleeve
manufactured by steel. However, up until now, only low melting point Mg-based [18] and La-based
alloys [17] were prepared successfully using this approach. With regard to the most common Zr-based
BMGs, especially for Be-free glass formers, its forming by high pressure die casting still encounters
challenges because of the limitations of the molding methods. Therefore, developing a new HPDC
route enabling the formation of BMGs with a higher melting point and chemical activity would have
huge engineering and academic significance.
In this study, a novel HPDC method, named the entire process vacuum high pressure die casting
(EPV-HPDC), was developed by modifying just the existing traditional horizontal HPDC equipment.
Various Zr-based BMG plates with a critical thickness of 3 mm were successfully prepared using the
EPV-HPDC and industrial grade purity raw materials. Meanwhile, several industrial BMG parts
with complex shapes that are hard to form using the other forming processes were molded precisely
using the EPV-HPDC process. The results confirm that the EPV-HPDC process is feasible for casting
high-melting-point BMG parts with a higher chemical activity. We anticipate that the newly developed
EPV-HPDC process will facilitate the industrial production and large-scale application of Be-free
Zr-based BMGs.
2. Experimental
2.1. Entire Process Vacuum High Pressure Die Casting (EPV-HPDC) Equipment
The EPV-HPDC equipment was modified based on a standard horizontal cold chamber HPDC
machine (Eontec Co., Ltd, Dongguan, China) with a mold clamping force of 280 T. The schematic
diagram of the developed EPV-HPDC is presented in Figure 1. The entire casting processes,
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including the melting, pouring, filling die, and solidification, are integrated into an airtight chamber,
which ensures the formation of the components in an extreme vacuum environment. The sleeve,
plunger, and mold here were made from heat resistant steel (H13). Unlike the vertical HPDC solution
proposed by Inoue et al. [17,18], in the present horizontal EPV-HPDC, the melting of the mother alloy
is performed in an oxide crucible, which can avoid heating the metal by a sleeve and can improve
the operating temperature range of the equipment. The highest smelting temperature in the present
EPV-HPDC is 1773 K, and the highest casting temperature is 1533 K, which enables the formation
of most of the glass formers. The temperature of the molten metal is detected and controlled using
an infrared sensor. It should be emphasized here that the EPV-HPDC process is different from the
injection of a molding solution of BMGs [11], as well as from the traditional vacuum assisted HPDC [19].
The layout of the vertical and hot crucible in the present EVP-HPDC can guarantee a more uniform
and controllable temperature field during heating, compared with that in the solution of horizontal
and cold crucible proposed by Liquidmetal Technologies, Inc. (Rancho Santa Margarita, CA, USA) [11].
With regard to the traditional vacuum assisted HPDC, it cannot be used to prepare the materials that
are easily oxidized, because the vacuumizing in this process is triggered only when the molten metal
is about to be filled in a mold cavity [19].Materials 2018, 11, x FOR PEER REVIEW  3 of 12 
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2.2. EPV-HPDC Experiment
Several metallic glass formers with a composition (at.%) of Zr55Cu30Ni5Al10 (Zr55),
Zr52.5Ti5Cu17.9Ni14.6Al10 (Vit105), Zr57Nb5Cu15.4Ni12.6Al10 (Vit106), and Zr46.5Cu47.5Al4Co1Sn1
(ZrCu-based, a marginal bulk glass former) were used in the present study to present the forming ability
of the EPV-HPDC method. The master alloys were prepared in 5 kg batches, by induction melting the
mixtures of the respective industrial grade purity elements (purity of zirconium 99.40%, and the others
were 99.99%) and 0.20 at.% rare earth yttrium in a high purity (99.99%) argon atmosphere, and then
were broken into granular feedstock with a size smaller than 30 mm in a general crusher. BMG plates
with different thicknesses (cross-sectional areas of 1 mm× 10 mm, 2 mm× 10 mm, and 3 mm× 10 mm)
were cast directly in a multi-cavity mold using the EPV-HPDC method. The detail EPV-HPDC process
involved several steps. Firstly, the granular feedstock was loaded into the airtight chamber and then
melted using an induction heating system with the vacuum pressure of 10 Pa (Figure 1a). Once the
alloy was fully viscous, it was poured into the shot sleeve with casting temperatures of 1233 K for
Zr55, Vit105, and Vit106, and 1313 K for the ZrCu-based alloy, and then forced into the mold using a
plunger with a velocity of 1.1 m/s (Figure 1b). After filling the die, the molten metal was frozen in the
mold under pressure (~40 MPa), forming a net-shape part (Figure. 1c). A die lubricant was not used in
the EPV-HPDC process. The casting process of the EPV-HPDC in the form of a video is displayed in
the Supplementary Materials.
2.3. Microstructural and Performance Characterization
The structures of the as-cast samples were measured using X-ray diffraction with Cu Kα radiation
(XRD, Brucker Advance D8, Bruker AXS, Billerica, Germany). The thermal stability and crystallization
behavior were characterized using differential scanning calorimetry (DSC, Parkin-Elmer DSC8000,
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Waltham, MA, USA) under a purified argon atmosphere with a heating rate of 20 K/min. The surface
roughness was measured by profilometer (KLA tencor D-300, KLA-Tencor Corporation, Milpitas,
CA, USA). The morphologies of the casting surfaces were observed using a laser scanning confocal
microscope (KEYENCE, VK-X250, Keyence Corporation, Osaka, Japan). The porosity distribution of
the as-cast samples was detected by using an X-ray fluoroscopy (YXLon, Y. Couger, YXLON, Hamburg,
Germany) and a three-dimensional X-ray computer tomography (CT) machine (Diondo, d2, diondo
GmbH, Hattingen, Germany). The compression tests were conducted on a mechanical testing system
with a strain rate of 5 × 10−4 s−1. The compressive samples with an aspect ratio 2:1 were removed
from the intermediate region of the plates with thickness of 1 mm. The fracture surface was observed
using a ZEISS SUPRA 55 Field Emission Scanning Electron Microscope (SEM, Carl Zeiss Microscopy
GmbH, Jena, Germany).
3. Results and Discussion
Figure 2 displays the XRD and DSC patterns of the BMGs prepared using EPV-HPDC. Figure 2a
shows that all of the samples have a board diffraction peak, and no diffraction peak corresponding
crystalline peak is seen, suggesting that an amorphous structure was produced successfully in the Zr55,
Vit105, and Vit106 specimens, with cross-sectional area of 3 mm × 10 mm, as well as in the ZrCu-based
alloy with a cross sectional area of 1 mm × 10 mm by using industrial grade purity raw materials
(Figure 2a). The DSC analysis shows that all of the specimens have a distinct glass transition followed
by a crystallization process (Figure 2b). Glass transition temperature, Tg, is 676 K, 654 K, 670 K, and 699
K, and the crystallization temperature, Tg, is 760.8 K, 730 K, 726 K, and 759 K for Zr55, Vit105, Vit106,
and ZrCu-based BMGs, respectively. The enthalpies of crystallization calculated by the areas of the
crystallization peak are 45.2 ± 2.5 J/g, 43.7 ± 2.8 J/g, 46.4 ± 1.8 J/g, and 53.76 ± 2.1 J/g for the Zr55,
Vit105, Vit106, and ZrCu-based BMGs, respectively. These values are equal to the corresponding ones
fabricated using copper mold suction-casting in the laboratory, confirming that fully glassy structures
have been obtained using the EPV-HPDC process, even in the ZrCu-based BMG with a marginal
glass-forming ability. Although the critical sizes of the BMGs prepared by the EPV-HPDC process
here are smaller than the reported values of the counterparts fabricated by high purity material in
laboratory [20,21], they are comparable to the ones prepared from the industrial purified raw materials.
For instance, a previous study showed that a 6 mm in diameter of rod was the critical size of the Zr55
BMG fabricated from industrial purified raw materials [22]. In this study, the EPV-HPDC process
was capable of forming amorphous plates with a size of 3 mm × 10 mm, of which the equivalent
diameter, determined by
√
4ab/pi, is about 6.1 mm, where a and b are the length and width of the
plate, respectively. The results indicate the glass forming ability of EVP-HPDC without drastically
declining, compared with that of suction casting [22], even though the mold temperature in the present
process (533 K) is far higher than that in laboratory (293 K). The relative high glass forming ability
in the EVP-HPDC process is mainly ascribed to the established larger heat transmission coefficient,
resulting from a better thermal contact between the mold and molten metal under pressure [23].
In the past few years, even though various Mg-, La- and Fe-based BMGs have been fabricated
successfully by high pressure die casting process [17], the preparation of the Zr-based BMG by HPDC
is still difficult and is rarely reported, because of the relatively high melting point and oxygen affinity.
In this work, the success in forming Be-free Zr-based BMGs, especially the ZrCu-based glass former,
confirms that the EPV-HPDC process is feasible to fabricate Zr-based BMGs for applications.
Figure 3a displays an image of the typical Zr55 castings (including runner system). It is clearly
seen that the BMG part displays a good surface luster (Figure 3a). Figure 3b displays the local contour
measured by a profilometer. The roughness shows that the Zr55 BMG casting has a low Ra value
(~0.26 µm), which is the same as that of the die cavity (Figure 3b). By comparing the design sizes, it is
found that the dimensional deviation of the various thicknesses of the BMG plates is within ± 0.25%,
of which the magnitude is usually common for the productions manufactured by computer numerical
control (CNC) machining. The high dimensional accuracy and low surface roughness are mainly
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attributed to the characteristics of the EPV-HPDC method, as well as the solidification nature of the
glass forming liquid. On the one hand, the filling and solidification of EPV-HPDC always proceed
under high pressure. As such, the molten metal has the capacity to precisely pattern the complex mold
cavity. On the other hand, the molten metal during cooling is able to maintain the as-filled morphology
with little shrinkage, because of the lack of phase transformation for glass forming liquid during the
vitrification process [4].
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Furthermore, it is found that the EPV-HPDC process can cast even the fine surface feature, such as
the character “2”, with minimum thickness of 250 µm (Figure 3c). Previous studies reported that the
minimum molding section thickness of HPDC for traditional materials, such as aluminium alloys, was
about 2–2.5 mm [24]. The ability to form parts with a thickness of 0.25 mm here indicates that the
present EPV-HPDC process has a huge advantage in casting BMG components with a fine construction.
The high forming ability here is ascribed to the character of the high mold-filling capacity of the glass
former under a low temperature. With regard to a traditional casting alloy, such as an Al-Si alloy,
the filling must be finished before the solidification. Otherwise, the primarily quenched solid would
obstruct the runner of the casting system, leading to the abortion of the shaping of complex structural
especially thin-walled parts. Therefore, the available temperature window for shaping should be
within the casting temperature, Tc, and solidus temperature, Ts [25]. For the glass former, however,
the solidus temperature, Ts, can be as low as Tg (i.e., ~680 K for Zr55). The available temperature
window for shaping is about 557 K, which is several times larger than that of the traditional materials
(~150 K), such as an Al-Si alloy. Therefore, the mold-filling capacity of the bulk metallic glass in the
HPDC process is far larger than that of the traditional casting alloy, and thus has the ability to form a
fine structure with a small thickness.
Furthermore, the porosity distribution in the casting was detected using an X-ray fluoroscopy,
as shown in Figure 3d. Most of the regions display a very uniform structure. No obvious gas pores
were observed in the samples, except for the head region. The relative densities of the BMG samples
fabricated using the EPV-HPDC process are measured to be above 0.98, which is much higher than
the values reported previously in the BMGs (about 0.8) fabricated by the developed die casting
process [17,18], as well as higher than that of the aluminum and magnesium alloy components formed
by the traditional HPDC process [26]. The relative high density is mainly ascribed to using the
optimized process parameters and high vacuum degree during the entire casting process (~10 Pa),
which is far higher than that in the vacuum assisted HPDC (~5 × 103 Pa) [21].
Figure 4a displays the engineering stress–strain curves of the BMGs cast using the EPV-HPDC process.
The fully glassy structural Zr55 BMG displays an ultrahigh strength of 2105± 50 MPa, and a plastic strain
of 1.8 ± 1.4% (Figure 4a). Less plastic strains are detected in the other samples. The fracture strengths
for the Vit105, Vit106, and ZrCu-based BMGs are measured to be 1750 ± 130 MPa, 1720 ± 84 MPa,
and 1950 ± 100 MPa, respectively. These values are comparable to those of the samples cast in the
laboratory (Figure 4b), further confirming that the porosities of the castings are low. But the plasticity
for all of the samples is far lower than that of the castings fabricated by copper mold suction casting.
In the EVP-HPDC process, the molten metal solidifies under a relatively lower cooling rate and
higher solidification pressure compared with the suction casting in the laboratory. The lower cooling
rate provided more time for the supercooling liquid to relax to an “ideal state” possessing less free
volume [27,28]. Furthermore, the high solidification pressure also facilitates the forming of a denser
structure [12]. Studies indicate that the decreasing free volume in the as cast BMGs results in the
formation of less shear bands during deformation, thereby causing a decrease of plasticity [28,29].
Therefore, the BMGs fabricated by EPV-HPDC display a lower plasticity. Figure 4c,d displays the
fracture morphologies of the sample Vit106 and Vit105 fabricated using the EPV-HPDC process.
The fractography displays abundant peak-to-peak dimple patterns, which are typical characteristic
of BMGs. The size of the dimple-like structures on the fracture surface, which can be defined as
average spacing between ridges of dimples surrounding the center of each dimple zone, is ~5 µm and
~7 µm for Vit106 and Vit105, respectively. These values are close to the reported value of the Vitreloy
alloy [30]. Moreover, very few pores were observed in the fractography, which is consistent with the
X-ray images (Figure 3d).
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respectively; (b) comparison of the fracture strengths of BMGs prepared by suction casting and the
EPV-HPDC process by using industrial grade purity elements; (c) SEM of the fracture morphologies of
the sample Vit106; (d) SEM of fracture morphologies of the sample Vit105.
As the filling time of the molten metal into die can be completed within 50 ms in the EVP-HPDC
system, and the critical cooling rate for most of the BMG formers is at a magnitude of 102 K/s [31],
theoretically, any BMGs can be cast into the sophisticated geometries using EPV-HPDC process
to break through the limitation of the trade-off between the cooling rate and the available time
window of shaping. Herein, the EPV-HPDC is applied to produce a real smartphone frame in order
to test its ability to form the complex shape. Figure 5a displays an as-cast smartphone frame and
corresponding EPV-HPDC gating system. The boundary dimension of the smartphone is about
155 mm × 85 mm × 10 mm, and the minimum thickness is about 0.5 mm. It has been found
that the component is formed successfully and displays a good surface smoothness (Figure 5a).
A three dimensional X-ray computed tomography (CT) is employed to detect the defects in the part.
The distribution of the porosity is displayed in Figure 5b. It is found that the porosity is mainly
distributed in some bulges of the part, as indicated by the red arrows (Figure 5b). The morphologies of
the pores are displayed in Figure 5c. It shows that most of the gas pores are globular. The statistics
of the pore sizes are exhibited in Figure 5d. The existed pores mostly have a volume of less 0.1 mm3.
By summing the volumes of the pores, the porosity of the part is estimated to be ~0.9%, which is much
lower than the values reported previously in Mg-based [18], Ca-based [8], and La-based [17] BMGs
(porosity > 10%) fabricated using the developed die casting process.
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Figure 5. (a) Image of Zr55Cu30Ni5Al10 BMGs smartphone frame and the corresponding runner system;
(b) the 3D distribution of the porosity in the smartphone frame, A, B, C, and D denote different regions;
(c) morphologies of the gas pores; (d) statistics of the pores with a different size in casting.
Afterwards, the structure of the smartphone frame was characterized by XRD. Although there are
several pores in the part, the XRD tests from the thickest regions, indicated by the arrows, show that
the as-cast part possesses a completely glassy structure (Figure 6). Previous reports show that gas pores
in casting is an efficient heat-insulating medium that retards heat transfer in the melt, compared with
the regions without porosity, leading to a lower local solidification rate [26], which can thus induce
crystallization. The results indicate that the small number of pores present in the Zr55 BMG have
a negligible impact on the glass forming ability. The success in forming the smartphone frame here
demonstrates that the EPV-HPDC process is feasible to a near-net shape BMG part with sophisticated
geometries, and paves the way for the Zr-based BMGs to be applied in wider fields.
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Then, various Zr-based BMG parts were manufactured using the above glass formers and the 
EPV-HPDC process, as shown in Figure 7. The maximum thicknesses of the parts here is smaller 
than the corresponding critical size of glass formers, in order to ensure an amorphous structure. 
Figure 7a displays a transmission with lots of location holes. In the past, because of the shrinkage of 
liquid metal during solidification, a small part with lots of holes requiring a high center position 
accuracy and dimensional accuracy is extremely hard or even impossible to be formed by the casting 
process, and thus usually needs secondary processing, such as CNC. Our results show that the small 
shrinkage of the BMG and high solidification pressure in the EPV-HPDC can ensure that this type of 
part will be formed by just directly casting. In addition, it is well known that the thin-walled BMGs 
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Then, various Zr-based BMG parts were manufactured using the above glass formers and the
EPV-HPDC process, as shown in Figure 7. The maximum thicknesses of the parts here is smaller than
the corresponding critical size of glass formers, in order to ensure an amorphous structure. Figure 7a
displays a transmission with lots of location holes. In the past, because of the shrinkage of liquid
metal during solidification, a small part with lots of holes requiring a high center position accuracy
and dimensional accuracy is extremely hard or even impossible to be formed by the casting process,
and thus usually needs secondary processing, such as CNC. Our results show that the small shrinkage
of the BMG and high solidification pressure in the EPV-HPDC can ensure that this type of part will
be formed by just directly casting. In addition, it is well known that the thin-walled BMGs parts
with a hollow structure are hard to form using the existing casting process, even using glass formers
with an ultrahigh glass forming ability, such as Vit 1 containing toxic beryllium [4]. By using the
strategies of filling the die in milliseconds and of solidification under high pressure, some hollow
and thin-walled BMG parts, such as the earphone, are fabricated precisely using the EPV-HPDC
process, and are displayed in Figure 7b,c. With regard to implant materials, the most common metals
used are stainless steels, Co-Cr alloys, and titanium alloys [32]. BMGs are considered as a promising
alternative type of material because of their outstanding mechanical properties, and corrosion and
wear resistance [32]. Previously, because of the lack of corresponding molding methods, the excellent
properties of BMG were limited in biomedical applications. Figure 7d–f displays some images of
the amorphous implants shaped by the EPV-HPDC process. Some cases with a length dimension
of 270 mm and with some fine embossments were formed successfully in one step, as shown in
Figure 7e,f. According to the previous research, the cellular response to an implant intensively depends
on its surface topography [33,34]. The ease in fabrication of the controlled topographical features on
BMGs provides a practical possibility to functionalize the surfaces using the directly casting method
(Figure 7f), rather than secondary processing like imprinting and microfabrication.
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production efficiency and part-cost economy are critical when a part is ap lied to engineering
in a large scale. For efficiency, the EPV-HPDC process enables most of the near-net shaped BMG p ts to
be accomplished wi hin 90 s, which is several times shorter than that using the existing method, such as
thermoplastic forming [35] and the additive manufacturing process [36,37], and is comparable to that
of the injection molding of BMGs. Wi h regard to the economy, ndeed, the raw material cost of BMGs
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is higher than that of the conventional materials, such as stainless steel, even though industrial-grade
materials were used here. After considering the machining cost, however, the cost of BMG parts is
competitive compared with that of a finished product manufactured using conventional materials and
their associated processing methods. Taking the BMG smartphone frame as a sample, it was usually
manufactured using the computer numerical control (CNC) machining of stainless steel in order to
gain a high dimensional accuracy, high strength, excellent scratch resistance, and corrosion resistance.
By this approach, tens of steps, including forging, heat treatment, machining, polishing, and so on,
are needed. Consequently, the processing of these parts is time-consuming and costly. By using the
EPV-HPDC process, it is found that equal or even higher levels of performance can be gained just by
using one-step molding, and subsequently, a polishing treatment. On account of the high accuracy,
efficiency, and economy of EPV-HPDC process, most of the above BMGs parts, such as the smartphone
frame (Figure 5), transmission (Figure 7a), and earphones (Figure 7f), are being mass-produced in
DongGuan Eontec Co., Ltd. (Dongguan, China). Our results show that the performance of the product
is extremely stable (finished product ratio > 90%), demonstrating that the layout of the vertical and hot
crucible in the present EVP-HPDC is reasonable and feasible for the industrial production of BMGs.
Finally, it should be emphasized that the heat conductivity of the used steel mold (~33 W/mK) is
only one-seventh of the copper mold (~230 W/mK) in suction casting [22], and an industrial purified
raw material was used in the present work. With further improvement on the performances of
the equipment, together with using a high purity material, the EPV-HPDC process can be used to
fabricate BMGs with a wide range of compositions. As a vacuum forming method, EPV-HPDC offers a
novel pathway for manufacturing other advanced materials, such as metallic glass matrix composites,
high-entropy alloys, and nanostructured materials, in complex shapes. Furthermore, the flowing
speed of the supercooled liquid and solidification pressure in the EPV-HPDC process can reach tens of
meters per second and hundreds of megapascal [16], which are orders of magnitude larger than that of
the common fabricating way of the BMGs, such as suction casting. Hence, the EPV-HPDC process
provides access to study some of the critical scientific issues, such as the extreme fluid dynamics of
glass forming liquid, shear-induced structural changes in fast-relaxing atomic liquids and melt [38,39],
and relaxation kinetics of supercooled glass forming liquid under pressure [40], which are fundamental
concerns for amorphous materials. As the EPV-HPDC equipment can be modified by standardized
HPDC, the present approach is able to be implemented or reproduced easier than that of the previous
reported routes [11,17,18]. Foreseeably, the EPV-HPDC process would have a huge impact on the
discipline of amorphous alloys, as well as on our daily life.
4. Conclusions
In the present work, a novel but more common forming approach, named the entire process
vacuum high pressure die casting (EPV-HPDC), was developed to prepare Zr-based BMGs possessing a
higher melting point and chemical activity. The results indicate that the EPV-HPDC process can be used
to produce a glassy structure for most of the common Zr-based bulk glass formers, even for marginal
bulk glass formers from industrial grade raw material without a deterioration of strength. Various
complex, especially thin-walled shaped Zr-based BMG parts, that are hard to be near-net shaped using
the existing technologies, are formed by the EPV-HPDC process. It has been found that the novel
forming approach has huge advantages over the dimensional accuracy of the as-cast parts, production
efficiency, and product cost, compared with the other existing approaches. The development of the
EPV-HPDC process paves the way for the large-scale industrial production and application of Zr-based
BMGs, as well as other advanced materials.
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s1. Video S1: Operating mode of EPV-HPDC.
Author Contributions: Conceptualization, L.L. (Lehua Liu), T.Z., P.L., Z.L., C.Y., C.W., and L.L. (Lugee Li);
investigation, L.L. (Lehua Liu), T.Z., and Z.L.; data curation, L.L. (Lehua Liu) and T.Z.; validation, L.L. (Lehua Liu)
and T.Z.; writing (original draft preparation), L.L. (Lehua Liu); writing (review and editing), L.L. (Lehua Liu), T.Z.,
Materials 2018, 11, 2338 11 of 12
L.Z., Z.L., C.Y., X.D., and C.W.; supervision, P.L., C.W., and L.L. (Lugee Li); project administration, K.G., X.Z.,W.L.,
and L.H.; funding acquisition, P.L., C.Y., and Z.L.
Funding: This research was funded by the National Natural Science Foundation of China (grant no. 51701125,
grant no. 51601118, grant no. 51675347, and grant no. 2014E62149R), the Natural Science Foundation of SZU
(grant no. 201553 and grant no. 827-000180), and the National Basic Research Program of China (grant no.
2013CB632203).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Wang, W.H.; Dong, C.; Shek, C.H. Bulk metallic glasses. Mater. Sci. Eng. R 2004, 44, 45–89. [CrossRef]
2. Schuh, C.A.; Hufnagel, T.C.; Ramamurty, U. Mechanical behavior of amorphous alloys. Acta Mater. 2007, 55,
4067–4109. [CrossRef]
3. Kumar, G.; Tang, H.X.; Schroers, J. Nanomoulding with amorphous metals. Nature 2009, 457, 868. [CrossRef]
[PubMed]
4. Schroers. J. Processing of bulk metallic glass. Adv Mater 2010, 22, 1566–1597.
5. Pauly, S.; Löber, L.; Petters, R.; Stoica, M.; Scudino, S.; Kühn, U.; Eckert, J. Processing metallic glasses by
selective laser melting. Mater. Today 2013, 16, 37–41. [CrossRef]
6. Li, X.P.; Kang, C.W.; Huang, H.; Zhang, L.C.; Sercombe, T.B. Selective laser melting of an Al86Ni6Y4.5Co2La1.5
metallic glass: Processing, microstructure evolution and mechanical properties. Mater. Sci. Eng. A 2014, 606,
370–379. [CrossRef]
7. Johnson, W.L.; Kaltenboeck, G.; Demetriou, M.D.; Schramm, J.P.; Liu, X.; Samwer, K.; Kim, C.P.;
Hofmann, D.C. Beating crystallization in glass-forming metals by millisecond heating and processing.
Science 2011, 332, 828–833. [CrossRef] [PubMed]
8. Laws, K.J.; Gun, B.; Ferry, M. Effect of die-casting parameters on the production of high quality bulk metallic
glass samples. Mater. Sci. Eng. A 2006, 425, 114–120. [CrossRef]
9. Kang, H.G.; Park, E.S.; Kim, W.T.; Kim, D.H.; Cho, H.K. Fabrication of bulk Mg-Cu-Ag-Y glassy alloy by
squeeze casting. Mater. Trans. JIM 2000, 41, 846–849. [CrossRef]
10. Laws, K.J.; Gun, B.; Ferry, M. Large-scale production of Ca65Mg15Zn20 bulk metallic glass samples by
low-pressure die-casting. Mater. Sci. Eng. A 2008, 475, 348–354. [CrossRef]
11. Liquidmetal Technologies. Available online: https://www.liquidmetal.com/process/ (accessed on 10
October 2018).
12. Mao, J.; Zhang, H.F.; Fu, H.M.; Wang, A.M.; Li, H.; Hu, Z.Q. The effects of casting temperature on the glass
formation of Zr-Based metallic glasses. Adv. Eng. Mater. 2009, 11, 986–991. [CrossRef]
13. Stachurski, Z.H. On structure and properties of amorphous materials. Materials 2011, 4, 1564–1598. [CrossRef]
[PubMed]
14. Mao, J.; Zhang, H.F.; Fu, H.M.; Wang, A.M.; Li, H.; Hu, Z.Q. Effects of casting temperature on mechanical
properties of Zr-based metallic glasses. Mater. Sci. Eng. A 2010, 527, 981–985. [CrossRef]
15. Vinarcik, E.J. High Integrity Die Casting Processes; John Wiley & Sons: Hoboken, NJ, USA, 2002.
16. Ramasamy, P.; Szabo, A.; Borzel, S.; Eckert, J.; Stoica, M.; Bárdos, A. High pressure die casting of Fe-based
metallic glass. Sci. Rep. 2016, 6, 35258. [CrossRef] [PubMed]
17. Inoue, A.; Nakamura, T.; Sugita, T.; Zhang, T.; Masumoto, T. Bulky La-Al-TM (TM = transition metal) amorphous
alloys with high tensile strength produced by a high-pressure die casting method. Mater. Trans. JIM 1993, 34,
351–358. [CrossRef]
18. Inoue, A.; Nakamura, T.; Nishiyama, N.; Masumoto, T. Mg-Cu-Y bulk amorphous alloys with high tensile
strength produced by a high-pressure die casting method. Mater. Trans. JIM 1992, 33, 937–945. [CrossRef]
19. Niu, X.P.; Hu, B.H.; Pinwill, I.; Li, H. Vacuum assisted high pressure die casting of aluminium alloys. J. Mater.
Process. Technol. 2000, 105, 119–127. [CrossRef]
20. Inoue, A.; Takeuchi, A. Recent development and application products of bulk glassy alloys. Acta Mater. 2011,
59, 2243–2267. [CrossRef]
21. Hofmann, D.C.; Andersen, L.M.; Kolodziejska, J.; Roberts, S.N.; Borgonia, J.P.; Johnson, W.L.; Vecchio, K.S.;
Kennett, A. Optimizing bulk metallic glasses for robust, highly wear-resistant gears. Adv. Eng. Mater. 2017,
19, 1600541. [CrossRef]
Materials 2018, 11, 2338 12 of 12
22. Liu, L.H.; Ma, J.; Yu, C.Y.; Huang, X.S.; He, L.J.; Zhang, L.C.; Li, P.J.; Liu, Z.Y. Determination of forming
ability of high pressure die casting for Zr-based metallic glass. J. Mater. Process. Technol. 2017, 244, 87–96.
[CrossRef]
23. Guo, Z.P.; Xiong, S.M.; Liu, B.C.; Li, M.; Allison, J. Effect of process parameters, casting thickness, and alloys
on the interfacial heat-transfer coefficient in the high-pressure die-casting process. Metall. Mater. Trans. A
2008, 39, 2896. [CrossRef]
24. Luo, A.A. Magnesium casting technology for structural applications. J. Magnes. Alloys 2013, 1, 2–22.
[CrossRef]
25. Rui, C.; Shi, Y.; Xu, Q.; Liu, B.C. Effect of cooling rate on solidification parameters and microstructure of
Al-7Si-0.3Mg-0.15Fe alloy. Trans. Nonferr. Met. Soc. China 2014, 24, 1645–1652.
26. Lee, S.G.; Gokhale, A.M. Formation of gas induced shrinkage porosity in Mg-alloy high-pressure die-castings.
Scr. Mater. 2006, 55, 387–390. [CrossRef]
27. Zhu, Z.D.; Ma, E.; Xu, J. Elevating the fracture toughness of Cu49Hf42Al9 bulk metallic glass: Effects of
cooling rate and frozen-in excess volume. Intermetallics 2014, 46, 164–172. [CrossRef]
28. Liu, L.H.; Liu, Z.Y.; Huan, Y.; Wu, X.Y.; Lou, Y.; Huang, X.S.; He, L.J.; Li, P.J.; Zhang, L.C. Effect of structural
heterogeneity on serrated flow behavior of Zr-based metallic glass. J. Alloy Compd. 2018, 766, 908–917.
[CrossRef]
29. Wang, W.H.; Yang, Y.; Nieh, T.G.; Liu, C.T. On the source of plastic flow in metallic glasses: Concepts and
models. Intermetallics 2015, 67, 81–86. [CrossRef]
30. Trexler, M.M.; Thadhani, N.N. Mechanical properties of bulk metallic glasses. Prog. Mater. Sci. 2010, 55,
759–839. [CrossRef]
31. Johnson, W.L. Bulk glass-forming metallic alloys: Science and technology. MRS Bull. 1999, 24, 42–56.
[CrossRef]
32. Liens, A.; Etiemble, A.; Rivory, P.; Balvay, S.; Pelletier, J.M.; Cardinal, S.; Fabrègue, D.; Kato, H.; Steyer, P.;
Munhoz, T.; et al. On the potential of bulk metallic glasses for dental implantology: Case study on
Ti40Zr10Cu36Pd14. Materials 2018, 11, 249. [CrossRef] [PubMed]
33. Kulangara, K.; Adler, A.F.; Wang, H.; Chellappan, M.; Hammett, E.; Yasuda, R.; Leong, K.W. The effect of
substrate topography on direct reprogramming of fibroblasts to induced neurons. Biomaterials 2014, 35,
5327–5336. [CrossRef] [PubMed]
34. Schroers, J.; Kumar, G.; Hodges, T.M.; Chan, S.; Kyriakides, T.R. Bulk metallic glasses for biomedical
applications. JOM 2009, 61, 21–29. [CrossRef]
35. Liu, L.H.; Yang, C.; Kang, L.M.; Qu, S.G.; Li, X.Q.; Zhang, W.W.; Chen, W.P.; Li, Y.Y.; Li, P.J.; Zhang, L.C.
A new insight into high-strength Ti62Nb12.2Fe13.6Co6.4Al5.8 alloys with bimodal microstructure fabricated by
semi-solid sintering. Sci. Rep. 2016, 6, 23467. [CrossRef] [PubMed]
36. Li, N.; Zhang, J.; Xing, W.; Ouyang, D.; Liu, L. 3D printing of Fe-based bulk metallic glass composites with
combined high strength and fracture toughness. Mater. Des. 2018, 143, 285–296. [CrossRef]
37. Shen, Y.; Li, Y.; Chen, C.; Tsai, H. 3D printing of large, complex metallic glass structures. Mater. Des. 2017,
117, 213–222. [CrossRef]
38. Shao, Z.; Singer, J.P.; Liu, Y.; Liu, Z.; Li, H.; Gopinadhan, M.; O’Hern, C.S.; Schroers, J.; Osuji, C.O.
Shear-accelerated crystallization in a supercooled atomic liquid. Phys. Rev. E 2015, 91, 020301. [CrossRef]
[PubMed]
39. Cheng, X.; McCoy, J.H.; Israelachvili, J.N.; Cohen, I. Imaging the microscopic structure of shear thinning and
thickening colloidal suspensions. Science 2011, 333, 1276–1279. [CrossRef] [PubMed]
40. Hu, Y.C.; Li, Y.W.; Yang, Y.; Guan, P.F.; Bai, H.Y.; Wang, W.H. Configuration correlation governs slow
dynamics of supercooled metallic liquids. Proc. Natl. Acad. Sci. USA 2018, 115, 6375–6380. [CrossRef]
[PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
